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Somatic hypermutation and switch recombination of
immunoglobulin genes require the activity of the
activation-induced deaminase, AID. Recent studies
of mice deficient for the uracil-DNA glycosylase
UNG, which removes U from DNA, suggest that AID
catalyses the deamination of dC to dU during anti-
body diversification.
To create the enormous antibody diversity required to
detect and respond to microorganisms, immunoglob-
ulin (Ig) genes undergo diversification processes
before and after infection or immunization. Prior to the
immune response, Ig genes are assembled into func-
tional units by V(D)J recombination during early B-cell
development. Mature B cells express heavy and light
chain genes containing constant and variable regions:
the constant region of the heavy chain is responsible
for the different biological functions of the antibodies
and the variable regions encode the antigen-binding
portion. After infection, the variable regions of both
heavy and light chain genes can be altered by the
process of somatic hypermutation (SHM). In addition,
the constant region, Cµ in virgin B cells, can be
changed to Cγ, Cα, or Cε by class switch recombina-
tion (CSR) after activation of B cells. Both SHM and
CSR require the activity of the activation-induced
deaminase, AID [1,2]. As the AID molecule is highly
homologous to the RNA-editing protein APOBEC it
had been suggested that AID may be a ribocytosine
deaminase [1,2]. However, in contrast to APOBEC,
AID does not bind to AU-rich RNA [3]. The case for a
DNA-based function of AID — deamination of deoxy-
cytosine (dC) to deoxyuracil (dU) [4] — has now
received in vivo support in an article published
recently in Current Biology by Rada et al. [5].
Somatic Hypermutation 
Rada et al. [5] determined that both SHM and CSR
were affected in mice deficient for the uracil-DNA gly-
cosylase UNG. This enzyme removes the uracil base
in a DNA duplex, creating an abasic (AP) site (Figure
1). Although the frequency of somatic hypermutation
of Ig genes was similar in UNG–/– and UNG+/+ mice,
the mutation pattern was altered in the way predicted
if dU were not removed following deamination of dC.
As in UNG+/+ mice, approximately half of the muta-
tions were targeted to C or G and half to A or T, but
the resulting mutations arising from C or G were
greatly skewed toward transitions — C to T and G to
A. The transition:transversion ratios at C/G were 65:35
in UNG+/+ mice and 94:6 in UNG–/– mice.
This skewed mutation pattern suggests that AID is
a dC deaminase (Figure 1), a proposal previously
made following studies of SHM in a chicken B-cell line
in which UNG had been inhibited [6]. Based on these
and a plethora of other findings a current model of the
process of SHM is summarized in Figure 1. AID is
likely to be the postulated mutator factor which (pre-
sumably together with a yet undefined co-factor)
associates with a transcription complex at the pro-
moter of an expressed Ig gene, travels with the RNA
polymerase during transcript elongation, and is
deposited on the DNA, perhaps when the RNA poly-
merase pauses [7]. AID deaminates a dC to dU, possi-
bly with preference for the DNA sequence WRCY
(W = A or T, R = purine, Y = pyrimidine), as this motif
or its inverse, RGYW, is a hotspot for SHM that is
retained in UNG–/– mice.
The U/G mismatch created by AID would be
resolved in various ways, influenced by whether or not
the U is removed by a uracil DNA glycosylase (Figure
1). The recent findings suggest that the major dU gly-
cosylase involved in SHM in mouse and chicken is
UNG [5,6]. The AP site resulting from UNG action
would have various outcomes depending on a race
between DNA replication and base excision repair
(BER) [8]. If a replication fork arrives at the abasic site,
the high-fidelity replicating polymerases, Pol δ or Pol ε,
would be stalled and replaced by an error-prone
bypass DNA polymerase, such as η, ι, or ζ, which have
been implicated in SHM ([9,10] and C. Reynaud, per-
sonal communication). An error-prone DNA poly-
merase would place any dNTP (N) opposite the AP site
(pathway 1 in Figure 1), creating a mismatched N/AP
site that cannot be extended directly by a replicating
polymerase. The error-prone Pol ζ is efficient in
extending the DNA chain from a mismatch, with the
potential of also copying neighboring dNTPs with
errors (pathway 2 in Figure 1) [11]. This could create
mutations at any nucleotide near the site at which AID
deaminated a dC. Eventually, when Pol ζ has incorpo-
rated a correct nucleotide, normal replication by Pol δ
or ε will resume. In general, AP sites can also be elimi-
nated by nucleotide excision repair; however, this form
of repair was found not to be essential for SHM [12].
If BER wins the race with replication, a nick (not
shown) or a gap (pathways 3 and 4 in Figure 1) would
result in repair synthesis [8]. Normally in BER a gap is
filled by Pol β with an error rate of only about 1 in
2,000 dNTPs. Thus, in most cases no mutations would
arise (pathway 3, namely when the gap is filled by C,
in Figure 1). A nick or gap can also initiate ‘long patch
repair’ which has been shown to use Pol β or δ in vitro
[13], but in SHM may employ error-prone DNA poly-
merases and result in mutations from all four dNTPs
(pathway 4 in Figure 1).
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Thus, when dU is removed, transition and transver-
sion mutations, both in G/C and A/T, are expected
(pathways 1 to 4, Figure 1). When dU is not removed,
as in the case of UNG–/– mice [5], replication places 
A opposite U, resulting in a C/G to T/A transition
(pathway 5 in Figure 1). Strikingly, in UNG–/– mice,
mutations from A or T still were about 50% of all muta-
tions and the characteristic ratio of about 2:1 targeting
of A over T was also maintained [5]. Mutations from A
or T cannot be explained by replication errors in a dU-
containing sequence. It is possible that DNA mismatch
repair (MMR) can be activated before the U-containing
region is replicated (pathway 6 in Figure 1). In MMR,
single-strand DNA around the mismatch is excised and
replaced by copying the retained strand. Normally, the
new strand is excised, but in SHM perhaps either
strand can be excised. This would result in errors from
A or T (as well as from G or C) only if the copying were
carried out by error-prone polymerases. In support of
this pathway, SHM in MMR-deficient mice occurs with
slightly reduced frequency but skewed toward the tar-
geting of C and G [12]. Alternatively, the U/G mismatch
could be accessed by a dG glycosylase (T. Kunkel,
personal communication) (pathway 7 in Figure 1),
resulting in an abasic site opposite the U and a similar
sequence of events as postulated for the UNG+/+ path-
ways, including mutations from A or T (pathways 1 to 4
in Figure 1).
Class Switch Recombination
AID is also required for another major antibody gene
diversification process, CSR. To examine the role of
uracil removal in CSR, Rada et al. [5] determined
whether splenic B cells from UNG–/– mice can be
induced to undergo CSR. They found that only 1–2%
of UNG–/– B cells expressed IgG1 (a 14-fold reduction
compared with UNG+/+ mice) and less than 1%
expressed IgG3 (a 6-fold reduction). The findings in
UNG–/– mice strongly suggest that an abasic site is
essential for normal levels of CSR. After AID deami-
nates dC, BER would excise the resulting dU and then
incise the phosphodiester backbone, creating a
single-strand break which, along with a similarly
created break on the other strand, could result in a
double-strand break to initiate CSR (Figure 2). DNA
breaks created by AP endonuclease would normally
be repaired by BER, but presumably components of
the CSR machinery pervert these breaks toward initi-
ation of recombination.
Rada et al. [5] postulate that the low levels of CSR
remaining in UNG–/– mice could be due to the occa-
sional engagement of other dU glycosylases and also
the activity of the MMR pathway. The DNA mismatch
repair proteins Msh2 and Msh6 may recognize the
dU/dG mismatch [14] and recruit the MMR machinery.
In the absence of UNG, and thus of BER, nicking of
DNA by the MMR system could lead to CSR if both
strands are nicked within a small region. Mice deficient
in the MMR proteins Msh2, Mlh1 or Pms2 have a
reduced ability to undergo CSR (2–4 fold, depending
on the antibody class) [15–17]. To address this hypoth-
esis, Rada et al. [5] propose to examine the effect of
UNG deficiency in mice lacking Msh2. These experi-
ments should be very revealing.
Remaining Questions
While it needs to be proven biochemically, the DNA
deamination model solicits an array of interesting
questions and testable hypotheses. Among the most
important is the question of how AID is targeted to
variable and switch regions. Deamination of the wrong
DNA sequences would be highly mutagenic. Tran-
scription is likely to be an important part of the target-
ing mechanism but AID activity must be directed
specifically, as not all transcriptionally active genes
undergo SHM in activated B cells. Presumably, spe-
cific cis elements that target AID are present in the Ig
enhancers (Figure 1). In addition, AID may bind to
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Figure 1. Model of somatic hypermutation.
The dU bases resulting from AID-mediated
dC deamination can be removed by uracil
DNA glycosylases. If removed, mutations
from G/C or A/T can arise via replication
(1,2) or base excision repair (3,4). If U is
not removed (such as in UNG–/– mice) the
U template can be copied into A by repli-
cation (5), leading to a C/G to T/A transition
in one daughter cell. The other daughter
cell will have the unmutated C/G. It is not
yet understood, however, how mutations
from A or T can arise when the U is not
removed, although MMR or a dG glycosy-
lase may be involved (6,7). See text for full
details of the various outcomes. AID, acti-
vation-induced deaminase; E, Ig enhancer;
EBP, enhancer-binding proteins; RNAP,
RNA polymerase II; bent arrow, transcrip-
tion start site; AP, a-pyrimidinic, a-purinic;
BER, base excision repair; MMR, mis-
match repair. 
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other proteins that target it to specific sequences
within variable genes, perhaps the SHM hotspots, and
also to specific sites within switch regions.
AID is required for both SHM and CSR [1,2] but it is
a puzzle how the events after the initial lesion (dC-
deamination) are directed into such different path-
ways, with such different dependence of the two
processes on UNG. Related to this is the question 
of how error-prone polymerases in SHM become
engaged in mechanisms, such as BER, which nor-
mally have a high fidelity of correct nucleotide inser-
tions. Therefore, it appears likely that AID functions
within a complex, and that the complexes involved in
SHM and CSR are different.
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Figure 2. Model for class switch recombi-
nation.
The top line shows the mouse Ig heavy
chain genes in B cells expressing IgM.
Small arrows indicate that AID deami-
nates dC within Sµ and a downstream S
region (Sγ1 here) to initiate CSR. UNG
excises U, AP-endonuclease/lyase activi-
ties create single-strand nicks on top and
bottom strands of Sµ and Sγ1. Also
shown are germline transcripts which
must be transcribed in cis from the unre-
arranged S–CH segment in order to obtain
switching. Although the role of germline
transcripts is unknown, it is speculated
that they may hybridize with the S region
DNA from which they are transcribed.
Recombination occurs by an intrachro-
mosomal deletional end-joining process.
The bottom line shows the heavy chain
chromosome after CSR to IgG1.
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